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ABSTRACT
The kinetics of the single site oxidative addition of simple alkyl vinyl triflates with 
Pt(PPh3 > 4  were determined and used to elucidate the mechanism. A dependence on the
degree of substitution about the double bond was observed; mono-substituted vinyl triflates 
reacting 2600 times more rapidly than the tri-substituted vinyl triflates. The kinetics
support the formation of a rc-alkene-Pt complex as the intermediate which can then 
rearrange to form a stable 16-electron Pt(II) complex.
A KINETIC STUDY OF THE OXIDATIVE ADDITION OF 
SIMPLE ALKYLVTNYL TRIFLATES TO 
TETRAKIS(TRIPHENYLPHOSPHINE)PLATINUM(0)
2Introduction
The oxidative addition of organic substrates complexes1 
M*Ly + XY - =  Mx+2(X)(Y)Ly
2to metal complexes to form metal-carbon bonds, and the
reverse reaction, reductive elimination^ are important steps
in catalytic cycles such as metal catalyzed cross coupling.
The catalytic cycle involves the oxidative addition of a
transition metal to an organic compound (S^, followed by
the transfer of a second organic moiety t*le active
metal center-S„ML „ (transmetalation), and then the reduc-1 n — 1
tive coupling of the organic groups to regenerate the tran­
sition metal catalyst.
Figure 1
ML„
Generalized Mechanism for m|tal catalyzed 
cross coupling.
3The utilization of metal-catalyzed cross-coupling as a 
5
stereospecific method of forming carbon-carbon bonds be-
5
tween unsaturated compounds would be a useful tool to 
synthetic organic chemists and would allow strategic syn­
thetic transformations that might otherwise not be
g
possible. In particular the oxidative addition of tran-
2
sition metal catalysts to sp hybridized carbons is of
considerable interest* The mechanisms of the oxidative
7addition with alkyl and vinyl halides have been inves­
tigated, but little work has been done with compounds using
8 9vinyl triflates, '
__ _  _  _ 1 0 4. , . ^ 8 j3 J  1 0 _ _  . 11,12,13Group VIII metals with d and d electronic
configurations have proved to be useful catalysts since they
undergo oxidative addition when coordinatively unsaturated
. . . . . 9due to their nucleophilicity. In particular, nickel,
palladium1  ^ and platinum1 1  ^ complexes have been the focus
of recent work involving cross coupling.
The scope of reactions that can be performed by tran­
sition metal catalysts are much greater than similar 
oxidative addition reactions such as those involved in the 
formation of Grignard reagents. This provides new areas of 
research due to the diversity of reactions of nucleophilic 
vinylic substitution by coordinatively unsaturated tran­
sition metal complexes,
17 .There are four main mechanisms for the oxidative
addition of organic compounds to transition metal complexes;
1) nucleophilic substitution,
2) 3-centered concerted addition,
43) free-radical pathways,
4) single-electron transfer.
The object of this project was to utilize kinetic
experiments as a mechanistic probe into the oxidative
addition of simple alkylvinyl triflates with
1 8tetrakis(triphenylphosphineJplatinum(0) 7. A platinum
Figure 2
O W O TT Hv^OTt CHsv^OTf CH3v^0TTX X X XCH3 CH3 Et Et H ^ C H 3 CH3 H 
1 2 3Z 3E
s— s^OTf Hv^OTf C H ^ O T f
CH3 CH3 H H
4 5 6
Vinyl Triflates Investigated
compound was chosen as opposed to a complex of one of the 
other members of the nickel triad as platinum's oxidative 
addition products are more stable than those of nickel and 
palladium and hence more suitable for mechanistic inves­
tigations. The stability of the carbon-metal bond formed in 
a cataytic cycle is important, as, if the bond is too 
stable, the next step in the cycle will require an unneces­
sarily high activation energy. It is thus desirable to have 
a comparitively weak carbon metal bond with which further
5reaction is facile. Nickel and pallidum compounds are
therefore used in synthesis, while platinum compounds with
stable carbon-metal a bonds, are employed in mechanistic
10,53,59
investigations•
6Chapter 1
Mechanisms
Nucleophilic Substitution
A wide range of mechanistic routes are available for
19 2 0nucleophilic vinylic <SN V ) substitution (Figure 3). '
Figure 3
RN  ,R3 Rin ^ 3
+ Nu * » + LG"
R2 LG R2 Nu
For a long time vinyl compounds were considered relatively 
inert compared to their saturated analogues because 
treatement of vinyl halides with silver ion would not 
precipitate silver halides, even under forced conditions. 
Their inertness was attributed to the partial double bond 
character of the carbon halogen bond;
Figure 4
2
and to the increased s character of the sp carbon (as 
opposed to an sp^ carbon) which results in a shorter, stron
ger carbon-carbon double bond and thus a lower ground state
21 2 energy for the system as a whole. Carbons with sp hyb­
ridization are also more electronegative than sp^ carbons, 
resulting in a stronger C-LG bond.
However, with the use of superior leaving groups and 
stronger nucleophiles coupled with activated vinyl systems, 
nucleophilic vinylic substitution can be accomplished relat 
ively easily. Vinyl halides are now known to undergo 
substitution with sulphur and selenium nucleophiles under
Figure 5
SN1 -X*
Y '-.. +
linear carbocation 
8
-X*
AJLaaL
single
step
N u \
Nu*
Y
bridged carbocation
13
Continuum of Mechanistic Possibilities
2 2
comparatively mild conditions in HMPA.
multi
step
Nu
Nu'Yv
Y ^  X
9
Nu*
Nu* * ^  Nu*
retained product
Nu*Y*.
inverted product
11
8Vinyl compounds are ambident electrophiles with a
number of potential reaction sites (a- and 0 - carbons, a-
1 9aand /3-subs ti tuen ts , and the nucleofuge (leaving group )). 
Thus many potential reaction mechanisms exist. Two of the 
more important mechanisms by which vinyl compounds are known 
to react with a nucleophile are the S„1 and the nucleophilicN
addition-elimination routes (Ad -E). A considerable amountN
of research has been done to elucidate the mechanism of
these reactions and to determine the balance between them,
i.e. when one starts operating and the other stops. Rap-
1 9bpoport proposes that a continuum exists between the S 1N
and Ad„-E routes, in essence, that a variable transition N
state exists. Figure 5 illustrates his hypothesis showing 
cationoid intermediates on one extreme and carbanoid 
intermediates on the other.
Nucleophilic Addition-Elimination Routes (Ad„-E) -----------------------------------------------------N---
19 20 23—25The two main addition-elimination processes ' '
are the single- and multi-step routes. However there are at 
least five other routes possible; reaction via an a,0 
adduct, an addition-substitution-elimination route, an 
inplane direct vinylic substitution, nucleophilic addition 
with rearrangement, and an addition-elimination- 
rearrangement route. The overall rate for each route is 
dependent on the concentration of the nucleophile, and the 
reaction is enhanced by 0 electron withdrawing substituents. 
Only small element effects (X) are observed for the single 
and multi-step routes (see Figure 5) as the expulsion of the
9leaving group is not part of the rate determining step.
1 9bSingle and Multi-step processes
In nucleophilic addition-elimination, the nucleophile
*
(metal) attacks the 7T orbital which is perpendicular to
the molecular plane.
The single-step route (analogous to the S 2 process forN
saturated compounds) proceeds via a concerted, perpendicular 
attack of the nucleophile to form a short-lived carbanion 
transition state 1 6 . The C-C bond retains its double bond 
character during the course of the reaction. In the multi- 
step route the carbanion 15 is an intermediate where the C-C 
bond is a bond single. The single-step process often 
proceeds with greater than 98% retention (see Table 1) of 
configuration via the transition state 1 5 . In the multi-step 
route the stereochemical outcome can yield both the retained 
and inverted product depending on the lifetime of the
.Nu*
= © =
14
Figure 6
60 rotation
20 rotation
^ = 0 =
retained
19
Nu
Y
IS
inverted
20
Retention and inversion via Carbanions in the Ad^-E Route
►< 
e
1 0
carbanion intermediate 16 which is capable of internal
o
rotation. The retained product is formed by a 60 clockwise
rotation about Ca to form the conformer 17. Alternatively a
120° counter clockwise rotation will result in the conformer
18 which will yield the inverted product (20) on expulsion
of the nucleofuge. The relationship between the rate
constant for a 60° (k ^ )  rotation about C to the rate
6 0
constant for a 120° (^ ) rotati°n determines the
stereochemistry of the products. Stereoconvergence (the
formation of the same E/Z ratio from either the (E) or (Z)
starting product) occurs when the rate of rotation is faster
than the rate of elimination, k^^_>>k When k ,>>k<^^,120 el el 120
retention of configuration will be observed.
Table 1
Substitution Reactions Yielding >98% Retention of Configuration
PhCH=CHBr + Ph2P' (orPh2As ) 2,4-(02N)2C6H3CH=CHBr + TolS'
/?-02NC6H4CH=CHBr + PhS' m -02NC6H4S0CH=CHBr + p -02NC6H4S'
C1CH=CHCN + EtS’ A rS02H=CHCl + N3’ (or MeO )
The distinction between the single- and multi-step
routes is often difficult. If k . is slow (due to chargee l
delocalization by R 1 and R2 and or a poor leaving group), 
the reaction will proceed by the multi-step route as the C- 
Nu bond will be well formed and the C-LG bond only slightly 
stretched. However, if a good leaving group is used, and R^ 
and R^ ate not as electron withdrawing, k 1 will decrease in 
proportion to an increase in
11
For poor nucleofuges the multi-step route will 
dominate. For good nucleophiles the mutli-step route will be 
followed for vinyl systems which are strongly activated, and 
there is evidence that it also is followed for moderately 
activated systems. The better the nucleofuge the more likely 
the attack of the nucleophile and expulsion of the nuc­
leofuge steps will merge into one and that the single-step 
process will dominate.
R1R2C
1 2
Competing Mechanisms
Reaction via an <*, ft adduct 
In a protic solvent, the carbanion 21 may be protonated 
at the b position to form the a ,ft adduct 22.
Figure 7
/R3 N u ' R 1\- /Nu H+ Rlv y Nu h l g  yR3
R,R2C = C s ---------  c —C5 7R3 • H—C ^C t-R 3 • R,RsiC=C.
LG R2 IG R2 IG Nu
21 22 23
+ LG'
Subsequent elimination of HLG (this may be the rate deter­
mining step) in a nucleophile assisted process, leads to the 
products 23. Internal rotation about the C-C bond may lead 
to stereoconvergence•
This route will be observed when intramolecular expul­
sion of the nucleofuge is slow. It has only been observed in 
systems with poor leaving groups. An addition-substitution- 
elimination route is possible if 21 is protonated at the Ca 
to form 22, 22 can then be protonated if is electron
withdrawing and R^ is an alkyl group. The nucleophile can 
attack at the ft position to form the carbanion. If nuc­
leofuge expulsion
Figure 8
_/R3 N u - H* Nun /R3 Nu - ^ r3 -HNu
  R 1 ----------- R , - ^ C - C - H  -  H -tC -C ^ -H  ----------
IG r 2 Ifl Rzy  IG *LG R /  Nu
24 25 26 r3
RiRaC— C^
Nu
27
1 3
is slow the a carbon may then be protonated to form the
alkane 25. Expulsion of the nucleofuge and substitution by a
nucleophile results in 26 which then eliminates HNu to form
the product 27. This route was suggested for the reaction of
19a 26sodium azide (NaN^) with the a-bromovinyl ketone 28. '
Figure 9
PhCO / H 
,C — 
Br CH3
28
S« 1 tyPe mechanism {j ■-- -- ------ - - --
The alleged high energy of vinyl cations was dispelled in
2 7the early 1960’s when Grob and Cseh demonstrated that 
disubstituted carbenium ions were generated by the solvolyis 
of j3-bromos ty renes • The stability of vinyl cations has been 
estimated to be between the ethyl and methyl cation. The 
development of "super" leaving groups such as fluorosul-
fonates, trifluoromethanesulfonates (CF^SO^O )
28 — (triflates), and nonafluorobutanesulfates (C^F^SO^O )
(nonaflates) made available precursors to vinyl cations.
Thus vinyl cations can be generated if good leaving groups
N3- PhCO H Nj- PhCO H PhCO H
  H—C—c£-N 3 ------- - H-^C—C^-N3 ■ ^ 3.  C=C^
HN3 Br CH3 -Br’ N3 CH3 ^ CHj
2 9  3 0  31
R k  >R 3
R2 LG
: c - <
R{ LG
Figure 10
R K  + Nu* R k  vR 3 R2v  >r 3
x o =o -R3 -----  V - <  ) o - <
r 2 R2 N u R i N u
Rl\r /R3/ ^  32 33 34
/
1 4
are used and substituents which stabilize the positive
2 8 — 35charge are employed. The reaction rate is independent
of the nucleophile concentration and accelerated by polar 
solvents. Electron donating a-substituents are activating as 
they delocalize the positive charge. An element effect will 
be observed in this reaction. The relative sizes of the R 
groups are important as the empty p orbital lies in the 
plane of the double bond, thus the attacking nucleophile can 
be sterically and electronically influenced, and in fact 
control the stereochemical configuration of the products.
Structure of Vinyl Cations
The geometry of the vinyl cation is relevant as it will
effect the stereochemical integrity of the reaction. Both a
3 6linear cation 35 with an sp-hybridized carbon with an
35
Figure 11
R. .R
linear V  — n trigonal
36
Potential Geometries of Vinyl Cations
2
empty p orbital and trigonal species 36, with an sp hyb-
2 . 3 7ridized carbon and an empty sp orbital, are possible.
Experimental data and theoretical results indicate that the
linear structure is preferred. It is energetically more
34stable by 50 kcal/raole.
1 5
Bridged Carbenium Ion Route
Solvolysis with neighboring group participation results 
in the formation of a bridged carbenium ion, which is formed 
by two consecutive in-plane substitutions. This energetic­
ally more costly route can be observed in the solvolysis of 
(E) and (Z )-3-ary1-2-buteny1 triflate (37E and 3 7 Z ) . ^ a
A mechanism involving a vinylidene phenonium ion 
explains the stereoselectivity of the reaction and the 
formation of the products. 37Z initially ionizes to an open 
vinyl cation pair 39. An allene, 43, will be formed if a 
proton is lost, or the vinylidene phenonium ion 38 may be 
formed which leads to the products.
Figure 12
X
Mechanism of the Solvoysis of (E) and (Z)-3-Aryl-2-butenyl 
Triflates.
1 6
Modena and co-workers have also detected bridged car­
benium ions in the solvolysis of 2-arylmercaptoviny1 
trinitrobenzenesulfonates.
1 7
Electrophilic Addition-Elimination (Ad^-E)
The Ad -E route competes with the S„1 mechanism and can E N
be distinguished from the S I  by the solvent isotope effectN
(SIE).
Protonation (can occur in either a Markovnikov or anti-
2Markovnikov fashion) of the vinyl compound will yield an sp 
hybridized cation 44 (the rate determining step) which is 
then attacked by the nucleophile forming the saturated 
adduct 45* Elimination of HLG will then yield the product.
Figure 13
R K „  /R 3 t/R 3 Nu H s ,R 3 .h ,g  R N  /R 3
/ C - q ,    R l y C - c (    R i ^ c - c f N u  - S S .  ) c - <
r 2 L G  r 2 N u  R 2 LG R 2 N u
44 45
An Ad -E will be observed with poor leaving groups as £
2
this will result in a slow S„1 reaction with the sp hyb-N
ridized ion being stabilized by electron donation by the
nucleofuge. Increased nucleofuge ability with decreased
nucleophilicity of the double bond due to electron
withdrawing substituents will result in the S„1 mechanismN
being observed.
1 8
Three-centered concerted addition
A three centered transition state 47 39-42 is known to
be formed on the addition of and to transition
2 2
1 7metals and has been postulated for the reaction of Ir(I)
Figure 14
[ m — - H - R  ] 
46
H H
I
M - R
M  +  R - H
m :
R
47
complexes with alkyl halides. This process would lead to 
retention of configuration. The highly ordered transition 
state explains the large entropies and enthalpies of 
activation, expected if stereochemical constraints, or an 
increase in polarity occurs as the transition state is
f ormed
1 9
Free-radical pathway
A free radical mechanism has been observed for the
reaction of alkyl and aryl halides with low valent tran-
4 3sition metal complexes. Alkyl halides are most likely to
add to Pt(0) by the radical mechanism.
A free radical is produced by the interaction of an
alkyl halide with the metal, the halogen bonding to the
metal (L M) producing the metal complex L MX. The free n n
radical is then able to react with another metal to produce 
the complex L^MR. This intermediate may further react with 
the organic halide RX to form the oxidative addition product 
L M(R)(X), thus producing another free radical to propogate 
the chain reaction.
Figure 15
L n M  +  R X  ------------------   L n M X  +  R -
L n M  +  R -  ------------------   L qM R
/ R
L n M R  +  R X  --------------- -- L n M  +  R
^ X
Free Radical Mechanism
The stereochemistry .of compounds reacting by a free radical 
pathway will be lost. The more substituted a compound the 
better it will be able to stabilize the charge and will 
therefore react more quickly than less substituted
20
compounds:
benzy/allyl>tertiary>secondary>primary
The nature of the leaving group is also important;
I~>Br~>C1~>RS0 “
3
A free radical mechanism will not be observed if tosylates
44(OTs) are used as leaving groups.
Initiation and inhibition experiments have shown that 
Vaska's compound reacts by a radical chain mechanism with 
alkyl, aryl, and vinyl halides.
2 1
Single Electron Transfer
Electron transfer^ can occur by an inner-sphere or 
outer-sphere mechanism. Inner-sphere electron transfer 
involves the coordination of an organic halide with a metal 
atom, which can form a solvent caged radical pair. The 
oxidative addition product (R-Mn+2-X) is obtained from the 
collapse of the radical pair. Racemization is observed when 
chiral carbons are present. Escape from the radical pair 
results in a free radical which leads to by-products.
Figure 16
M" + R X - = -  M"— X — R X R  ] <*,
collapse N^escape
r—m"+—X R • + M ^i-X
oxidative addition 
product
a lk a n e s  „ „
O le fin s
Inner-Sphere Electron Transfer
An outer-sphere mechanism is followed if the metal is coor-
n
dinatively saturated. An alkyl halide can remove an electron 
from the metal to form a metal cation and a radical anion, 
which dissociates to a free radical and halide anion. The 
metal cation can then combine with the the free radical to 
form the product. The product is not the same as that
22
produced by the inner sphere mechanism.
Triflates have not been observed reacting by an SET 
1 8bprocess•
Figure 17
M n +  R X  [M 1**1] + [R X ] '
R . +  X '
/
[R— M"*2] +
Outer-Sphere Electron Transfer
23
Chapter 2
Tetrakis(triphenylphosphine)platinum(0)
Tetrakis(triphenylphosphineJplatinum ( 0 ) was first
prepared by Malatesta and Carriello in 1958 and is the most
45widely studied complex of platinum(0). It is easily syn­
thesized by the reduction of platinum(II) compounds in the 
presence of triphenylphosphine using alcoholic potassium 
hydroxide•
K2PtCl4 + 2 KOH + 4 PPh3 + C2H50H ■ Pt(PPh3)4 + 4 KC1 + CH3CHO + 2 H20
The compound has a d 1<^ electronic configuration and is
coordinatively saturated. In order for oxidative addition to
occur, a vacant coordination site must be formed.1 1 1 ^
4 6 4 7Birk and Halpern ' demonstrated that in a benzene
solution of Pt(PPh3 )4 the tristriphenylphosphine complex
PtCPPh^)^ is the dominant species present. The equilibrium
constant for the dissociation of tris-triphenylphosphine
species to the bis species was calculated by Halpern to be
-4 46m  the order of 1.8 x 10 M.
Figure 18
- PPh3 - PPtH
PKPPh3)4 t—  —  Pt(PPh3)3 ■ "r PKPPhjh
24
The electron density on the platinum is increased by the 
phosphine ligands which are good cr donors (lone pair 
donation), and thus suitable for oxidative addition reac­
tions. This results in the platinum being a good nucleophile 
as well as increasing the tendency for the phosphine to 
dissociate. Electronic effects are however thought to be 
less important than steric effects in the dissociation of 
phosphine ligands from transition metal complexes. The 
steric parameter 0 (ligand cone angle-see Figure 19) has 
more influence on the dissociation of the ligand, the 
greater the size of the cone, the greater the tendency for 
dissociation. ^
Figure 19
Ph
PhPh
Tolman’s Cone Angle (0)
As the steric interactions increase, the ability to promote 
a reaction decreases. The observed ordering of cone angles 
is :
As Me ^ P M e  3 >PPh^
49The basicity of the platinum can be controlled some
25
what by the substituents on the phosphine atom. The more
59basic the phosphine;
PMe3>PMe2Ph>PMePh2>PPh3 , 
the greater the rate of oxidative addition.
Reaction with Dioxygen
1 2Pt(PPh3 )^, like many zero valent metal complexes
5 0 5 1reacts with atmospheric oxygen in the following manner: '
PtCPPh3)4 + 202 Pt(PPh3)20 2 + 20PPh3
The mechanism is believed to be: 51
Figure 20
PtCPPh3>3 + Oj PtCPPh^Oj) + PPh3
Pt0PPh3)2(O2) + PPh3 PKPPhj)3(02)
Pt(PPh3)3(02) + 2PPh3 PtCPPh^ + 20PPh3
Care must thus be taken to ensure that oxygen is excluded 
from reaction vessels and solvents.
26
Reaction with Alkyl Halides
Alkyl halides can react by a variety of 
17 44 52-55mechanisms, ' ' the three most common are an S 2 likeN
route, a radical pair route, and a radical chain route (see 
Figure 21). The mechanism observed in any given reaction is 
dependent on the organic halide, the nucleophilicity of the 
metal complex and the reaction conditions.
Figure 21
M
RX
m 'x ,r  - diffusion
RX
R- + MrX 
M °
RM
R X
rnMuX2 + R
RMnX + R
Mechanism suggested for the reaction of alkyl halides with Platinum(O)
The majority of organic halides react by a free mechanism 
with P t (0) complexes.
Reaction with Vinyl Halides
Vinyl halides r e a c t ^ ' ^ ' ^ ' ^  s tereospecif ically with 
d 10 complexes of N i , P d , Pt to form stable a-vinyl 
complexes, some of which have been isolated.  ^ Retention of 
configuration is observed on the reaction of Pt(PPh^)^ with
2 7
(E) and ( Z )-/J-bromos tyrene • Radical inhibitors have no 
effect on the rate. The reaction was thought to proceed by 
an addition-elimination type mechanism but inconsistencies 
were observed in the rates. For example the reaction of 
Pt(0), d 10 complexes is faster with alkenyl halides than
with alkyl halides whereas with ordinary nucleophiles, alkyl 
halides react more rapidly. There are also differences
Figure 22
Rl X R« X Ri X
M L 3 +   R2 ^  ^  ^ (
R2 R3 m l2 R2 ML2 R3
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Reaction via a 3-centered Transition State
H \ ^ x Ph3P .X X PPh3
X  * Pt(PPh3)4 ------------------- -
PhaP
/
PPh3 V "
R3^ ^  R2 Rs^ ^
50
Reaction via a 5-centered Transition State
R, R3 3?
pt(pph3)4 + w  --------
r/  X PhaP /  1
Rz 
Reaction of Vinyl Halide with Pt(0).
Reaction of Vinyl Halide with Pt(0) and Possible
Transition States.
in the relative rates with leaving groups. For transition
28
metal complexes with d 1  ^ electronic configurations reacting
4 4with vinyl halides the order I>Br>Cl is observed. The 
opposite is observed with nucleophilic substitution with are 
operating. Several mechanisms have in fact been reported,
ranging from a 3-membered platinocycle transition state
45 46(49) to a 5-centered transition state (50) (see Figure
22 ) .
Reaction with Vinyl Triflates
1 8dStang and Kowalski first reported the oxidative
addition of Pt(PPh^)^ to vinyl triflates when they inves­
tigated the stoichiometry of the reaction:
OTfR
lvy " 0Tf pph3X + / pph3
R
52
R * ( ^ 3)4 y p ^ x R i
3 PPh3x
r 2
Reaction of Vinyl Triflate with Pt(PPh^4).
The products are stable 16-electron compounds with a non­
coordinating anionic triflate group, which have been 
isolated. Their next step was to investigate the mechanism 
using stereochemical, variable temperature N M R , single 
crystal molecular determination and kinetic methods.
29
Stereochemistry
Retention of configuration about the double bond was
observed in the reactions of (E) and (Z )-2-phenylpropeny1
triflate and (E) and (Z )-2-buteny1 triflate, indicating that
1 8athe oxidative addition was stereospecific (see Table 2).
TABLE 2
Compound______________________ Product ratio
3Z R,=R2=CH3 , R3=H >95% Z : 5% E
3E R,=R3=CH3 , R2=H >99% E
10Z R,=H, R2=CH3, R3=Ph >99% E
10E R,=H, R2=Ph, R3=Ph >99% Z
Greater than 99% stereochemical purity was observed in the 
reactions except for 3Z which gave a 95:5 Z:E mixture. This 
has been attributed to /3-hydride elimination.
CH3v^ O T f
II + Pt(PPh3)4 
H CH3
3Z
Figure 23
PPh3
P P h 3
c h 3^ , 0o t i  
\  /
/
c h 3 W  O T f
" " N  >
H 'CH3
/ P \ i  
PPh3
PPh3
PT 'CH3 
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Possible Mechanism for p-Hydride Elimination
OTf
PPh3x  + / PPh3
/ R\PPh3 H
54
Attempts to isolate the proposed 7r-alkene intermediate 
by reacting 3E and 3Z with P t (PPh3 )2 (C 2H4 ) (58) resulted in
the oxidative addition product 56 which was shown to have 
trans stereochemistry. This reaction was observed by NMR, 
but the TT-complex was not observed until the triflate
30
leaving group was substituted for the less reactive leaving
group Cl 57. This T-chloro ethylene complex 59, though
observed, could not be isolated.
Initially we intended to observe the reaction of
P t (PPH^) with the vinyl triflates conductometrically, using
acetonitrile as the solvent. However, it was later realized
that the acetonitrile was complexing with the platinum
compound, preventing us from monitoring the intended 
60reaction. UV-Vis spectrophotometry was thus employed to 
watch the disappearance of the platinum(O) in toluene.
Figure 24
+ Pt(PPh3)2(C2H4)
0TT\  / PPh3
6 58
56
Reaction of 6 with Pt(PPh3 )2 (C2H4)
PtCPPhakCCViJ
57 59
7C-vinyl chloride ethylene complex
Pt(PPh3)2(Q>H4) 
Toluene-d8, -20°C
60 61
rc-vinyl bromide ethylene complex
3 1
At this point it is worth noting the "multiple bond 
addition controversy".^1 There seems to be some confusion as 
to whether both the products illustrared in Figure 25 can be 
considered oxidative addition products. In 62 the a bond 
has been broken and forms a metal-carbon o bond. A second 
carbon-metal bond is formed using electrons on the metal. 
This is considered an oxidative addition. When the product 
resembles 63, the distinction is less clear. If the the 
mixing between the metal d orbitals and the X=Y bond is 
weak, the double bond character will be retained and the 
classifation of the reaction as an oxidative addition is 
incorrect. When the mixing between the orbitals is strong, 
as in 62, the integrity of the double bond is lost, the 
transition state can be considered an oxidative addition.
Figure 25
.X
LnM + I ---- «  L»M  "
Y Y
62 63
In practice there is no clear distinction between 62 and 63. 
The activation energy for 62 would be expected similar to 
the energy required to break a single bond, and higher than 
that of 63 where a redistribution of the bonds is occuring.
3 2
Chapter 3
Experimental 
General Data
Spectrophotometrie data was obtained using a Gilford 
240 spectrophotometer and a Beckman DU-70 spectrophotometer. 
Temperature control on the Gilford was achieved using by 
circulating water (20-40°C) or an ethylene glycol/water 
mixture (0-20°C), from a constant temperature bath, through 
the cuvette holder. Temperature was controlled to 0 . 1 .  The 
Beckman utilized a Peltier Temperature controller to main­
tain the cuvettes at the reaction temperature to 0.5°C.
A Hewlett-Packard research gas chromatograph was used 
to separate isomers of the vinyl triflates.
Materials
Toluene was degassed and then distilled over calcium 
hydride under a nitrogen atmosphere directly before use.
Vinyl Triflates
The vinyl triflates were prepared by Mark Kowalski at
5 7the University of Utah by published methods. When received 
by our lab they were degassed with nitrogen and then stored 
at -10°C. Immediately before use the triflate was removed 
from the refrigerator, allowed to warm to ambient tem­
perature, and then filtered through silica gel. The triflate 
was then degassed with nitrogen to ensure all the oxygen had
3 3
been removed.
Separation of Isomers
(E) and (Z )-2-buten-2-yl triflate were separated on a 
H-P gas chromatograph using a 0.25 in. x 10 ft. 20% SP-1000. 
80/100 supelcoport column at 90°C. The capillary G.C. of the 
isomers, at 70°C on a 25 m OV-1 capillary column, showed the 
triflates to be 99% pure.
Tetrakis(triphenylphosphine)platinum (0)
Pt(PPh.)„ was prepared from K PtCl,, KOH, and excess 3 4 2 4
P(CgHj.)^ in aqu-eous ethanol according to the procedure of
5 8Ugo, Cariati and La Monica. A stream of nitrogen was 
bubbled through the reaction mixture during the course of 
the synthesis.
Kinetic Procedure
-4Stock solutions (4.0 x 10 M) of the platinum nuc­
leophile were made daily by dissolving 12.4 mg (0.0100 mmol) 
of Pt(PPh^)^ in a 25 ml volumetric flask with the distilled, 
degassed (nitrogen) toluene. The volumetric flask was then 
sealed with a rubber septum and parafilm, maintaining a 
positive nitrogen pressure.
The cuvettes were oven dried and cooled under a stream 
of nitrogen, stoppered with a rubber septum, and sealed with 
parafilm. The cells were then weighed. A cannula was used to 
load the cells with the Pt(0) solution (ca. 4.0 ml) under
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nitrogen atmosphere and then they were reweighed to deter­
mine the volume of Pt(0) solution in each cuvettte. The 
cuvettes were then placed in a constant temperature bath for 
5-10 min to equilibrate to the desired reaction temperature 
before being placed in the spectrophotometer.
The degassed (nitrogen) vinyl triflates were injected 
into the cuvettes which were then rapidly shaken and the 
runs started. The quantity (20-40 equivalents) of vinyl 
triflate injected was determined from the difference in the 
weight of the syringe before and after the triflate was 
inj ected.
The absorption of Pt(PPh^)^ compared to the absorption 
of a blank cell containing toluene was followed as the
Pt(PPh^)4 reacted and disappeared (see Figure 26) at 358
6 2 44nm or at 410 n m . Data were collected over at least five
half lives•
The absorbance at the selected wavelength was recorded
against time. With the Guilford 240 this was accomplished by
converting the absorbance to a voltage reading on a Keithly
1798 TRMS Multimeter, transforming the signal from an analog
to a digital reading on a H.P. 3497A Data Aquisition Unit
and recording the data on a H.P. 9826 P.C. computer with the
6 3aide of a program (SPECKIN) written for this purpose.
The rate of decay of Pt(PPh3)^ could then be calculated 
from the decrease in absorbance. The first-order-rate 
constants were calculated using a non-linear least squares 
analysis to fit the data to the equation:
36
, „ -k t . -k tA = A (1-e ) + A e  oo o
where A is absorbance at time t,
A is absorbance at time 0, o
A is absorbance at infinite time# oo
t is the time,
k=k , is the rate constant, obs
Approximate values of A , A , and t„ _ were submitted too oo 0.5
the computer for each run. The best values for k, A^, and 
A00 were calculated by the program for the data entered. For 
each point recorded a theoretical point was calculated and 
the deviation between the points recorded. Experimental 
infinity values were within 0.5% of the computer calculated 
values•
The pseudo-first-order rate coefficient^^ (k^ s 1M 1 )
was found by dividing the k , (sec ) by the concentrationobs v
of the triflate used.
When the DU-70 was used to observe the reactions an 
I.B.M. PS II, Model 50 recorded real-time data. The data 
files were then converted to A.S.C.I.I. format and 
downloaded to the H.P. 9826 P.C. and then run through the 
SPECKIN p r o g r a m . ^
An Arrhenius plot was then made using the data, which 
spanned a 20°C range. A least squares fit was used to cal­
culate the slope of the straight line from a plot of In k^ 
versus 1/Temp. Reported values for the pseudo-first-order 
rate coefficients were averaged from multiple runs (see 
Table 4 ) •
37
The Arrhenius Equation:
K = A e xp[-E /R T] d
where: K is a rate constant
A is the Arrhenius constant
is the energy of activation 
R is the gas constant 
T is the temperature 
The slope was equal to -(E /R), hence the activation energyd
could be found taking the product of the slope and the gas 
constant. The standard enthalpy of activation could then be 
calculated from the relationship;
AH* = Ea- R T
The standard entropy of activation was then calculated from
_ 65the equation;
AS* = ( AH* - T AS*) + 4.58 log(k/T) - 47.4
The equation;
AG* = AH* - T AS*
can be used to calculate the standard Gibbs energy of
activation. These calculations were all performed with the
6 6aide of a program (Arr Plot) written for this purpose.
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Chapter 4
Results and Discussion
The mechanism Stang and Kowalski have proposed for the 
formation of 16-electron Pt(II) complexes 65 and 66 involves 
the formation of a ?r -alkene Pt complex (64) in the rate
Figure 34
- PPh3 - PPh3
Pl(PPh3)4 t  3 -  Pl(PPh3)3 r -  ■ -  Pi(PPh3>2
Ri^.OTf
I + PtCPPh3)2
R2^"^R3
Slow
Pt(PPh3)3
OTf
PPh3\ + / PPh3
R
PPh3^ V ^ R i
Ra R2 
66
+ PPh3
PPh3
PP1>3
,sRivOTf
* V > R 3
64
Fast
TfO^ ^PPh3
^ V R.
R3 R2 
65
Proposed Mechanism of the Oxidative Addition of 
Vinyl Triflates to Pt(0). 
determining step. The rapid rearrangement of this 
intermediate results in the oxidative addition product 65 
The triflate moiety may then be displaced by a triphenyl-
48
phosphine ligand present in solution, affording the cationic 
platinum complex with the noncoordinating triflate anion 66.
The rates determined for the oxidative addition are 
tabulated in Table 3 and are compared with the same reaction 
with methyl iodide. That the vinyl triflates react more 
rapidly than methyl iodide, suggests that the double bond 
enhances the reaction. It is evident that the addition is 
dependent on the degree of substitution about the double 
bond. For example the mono-substituted 6 reacts 2600 times 
more rapidly than the tri-substituted, and hence more 
sterically hindered, compound 1, which reacts so rapidly 
that it is difficult to obtain quality kinetic data using 
our technique. However the results obtained give approximate 
values•
The dependence on the steric environment can also be 
observed in the rates of 3E and 3Z. The platinum nucleophile 
is less hindered approaching 3Z than 3E, and thus the 
oxidative addition is slightly more rapid.
The entropies of activation are predominantly negative, 
which is what would be expected if a 7T-complex was involved 
in the rate-determining step. The change in entropy for 6,
Figure 35
»
H CH3 CH3 CH3
Order of reactivity
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however, is slightly positive (0.9 e.u.). Even considering 
an experimental error of ±1.0 eu. this value is hard to 
explain. A positive entropy indicates that the transition 
state is less ordered than the products, so unless another 
mechanism is operating for the 2-propeny1 triflate we have 
to assume that the data are not accurate for this compound, 
which, considering how fast the reaction occurs, would be a 
fair statement. Further rate determinations by a more 
suitable method need to be performed.
The stereochemistry of the products is also supportive 
of the proposed mechanism and rules out a radical mechanism, 
where stereorandomization would be expected. The tri­
substituted compounds would also be expected to proceed more 
rapidly than the less substituted compounds if a radical 
mechanism was operating, as the charge on the more 
substituted compounds would be better stabilized. Radical 
inhibitors would drastically reduce the rate of reaction, 
but they have been shown to have no effect on the rates of 
the oxidative addition of vinyl halides.
An addition-elimination pathway would result in the 
required stereochemistry but only highly activated vinyl 
substrates are known to react in this fashion. Recent 
studies have also shown that alkylvinyl triflates do not 
react with Phs", a more powerful nucleophile than 
Pt(PPh3 )4 «67
Stereochemistry rules out an nucleophilic attack by a
direct in-plane SN 2 mechanism as this requires inversion at 
2
the sp carbon, and is energetically unfavourable.
50
There are discrepancies in the data. For instance, one 
would expect the entropies of activation for compounds 2 and 
5 to be similar. However, a difference of ca. 30 eu is 
observed. The electron donating abilities of methyl and 
ethyl groups are comparatively similar and, by themselves, 
are unlikely to cause such a large difference in the 
entropy. Sterically, compound 4 and 11E are similar and the 
entropies are expected to be of the same magnitude, which 
they are. The ring on the cyclohexenyl triflate is suffic­
iently far removed to not create steric interactions.
The electron density on the vinyl carbons is unlikely to 
be symmetrical. This is due to the electronegativity of the 
triflate leaving group, which removes electrons from the ct- 
carbon making it more electrophilic than the ^-carbon. None 
of the substituents on the carbons are considered good 
electron donors, and hence the discrepancy in the electron 
distribution is unlikely to be counteracted. A kinetic study 
involving (E) and (Z )-2-phenylpropeny1 triflate would be 
valuable as the rate would reflect, the change in the 
electron density about the C-C double bond and, the steric 
effect of the phenyl groups on the oxidative addition. An 
enhancement of the rate would be expected if electron 
withdrawing substitutents were present as the double bond 
would be more electrophilic• The opposite is expected if 
electron donating substitutents increase the electron den­
sity at the C-C double bond, thus decreasing the liability 
to nucleophilic attack from the platinum.
5 1
Concluding Remarks
The kinetic data on the oxidative addition of vinyl 
triflates with Pt(0) though supportive of the proposed 
mechanism, are not definitive. Ideally more data (e.g. 10
reproducible runs) at each temperature, over a wider tem­
perature span (especially in the -10.0 to 5.0°c range) are 
desirable. This would improve the precision of the data.
Further studies with a wider range of vinyl triflates to 
more comprehensively observe the effect of substitutents on 
the double bond, including the incorporation of element 
effects would also enhance the study.
Work with more nucleophilic derivatives of Pt(PPh^)4 , 
such as Pd(PPh^)^ and Ni(PPh^)^ would complete the picture.
5 2
APPENDIX
Triflate
1
2
3Z
3E
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T°C  [Triflate] k o b sx 10’  ^ (see - *) k 2 (s“*M "l)
60.0 0.0107 0.594 0.0555
60.0 0.0106 0.589 0.0556
60.0 0.00973 0.678 0.0697
60.0 0.00976 0.664 0.0680
60.0 0.0107 0.769 0.0718
60.0 0.0106 0.774 0.0730
Average:T = 60.0 k2 = 0.0656
Standard deviation = 0.00728
30.0 0.00923 1.47 0.159
30.0 0.00943 1.57 0.166
30.0 0.0103 1.67 0.162
30.0 0.00915 1.55 0.169
Average:T = 30.0 k2 = 0.164
26.3 0.0133 3.63 0.273
26.3 0.0128 3.53 0.276
26.0 0.0125 3.18 0.254
26.0 0.0124 3.18 0.256
AveragerT = 26.15 
Standard deviation = 0.15
k2 = 0.0265 
Standard deviation = 0.0098
30.0 0.0107 6.32 0.591
30.0 0.00904 5.36 0.593
30.0 0.00870 5.87 0.675
Average: T= 30.0 k2= 0.620
Standard deviation = 0.039
25.63 0.0109 3.25 0.298
25.63 0.0140 3.65 0.261
25.63 0.0125 3.52 0.281
25.63 0.0114 3.48 0.305
25.63 0.00992 2.80 0.282
25.62 0.0104 2.97 0.286
25.62 0.0130 3.54 0.272
Average: T=25.627 k2 = 0.284
Standard deviation = 0.00452 Standard deviation = 0.0138
Table 4 Sample Rate Determinations for Vinyl Triflates 1-6
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Triflate
5
6
T°C [Triflate] k obs x 10’3 (se c ’ 1) k2 (smh
25.0 0.0204 6.73 0.330
25.0 0.0132 4.58 0.347
25.6 0.0108 4.43 0.410
25.6 0.0113 4.35 0.385
25.6 0.0113 4.28 0.379
25.6 0.0105 4.28 0.408
25.0 0.0140 4.38 0.313
25.5 0.0127 4.70 0.370
25.5 0.0126 4.40 0.349
25.0 0.0125 3.92 0.314
M ’ 1)
Average: T = 25.34 
Standard deviation = 0.28
k2 = 0.361 
Standard deviation = 0.0338
10.0 0.0110 0.0218 1.98
10.0 0.0117 0.0166 1.42
10.0 0.0118 0.0160 1.36
10.0 0.0114 0.0133 1.17
10.0 0.0130 0.0147 1.13
10.5 0.0110 0.0152 1.39
10.5 0.0104 0.0163 1.57
Average:T = 10.14 k2=1.43
Standard deviation = 0.226 Standard deviation = 0.264
Table 4 continued
Compound 1
C oun te r T (°C ) k ( s '1, M '1) Ln k R esiduals
1 25.0 0.00276 -5.8943 -0.0224
2 55.0 0.0645 -2.7411 0.2106
3 60.0 0.0656 -2.7242 -0.2078
4 70.0 0.1895 -1.6634 0.01963
Standard Deviation of Residuals = 0.2102 
Expected Error in the Slope (95% Confidence) = 1243.84 
Expected Error in the Intercept (95% Confidence) = 3.836 
Correlation Coefficient Squared = 0.9912
Slope = -9524.38 Intercept = 26.07
Activation Energy (Ea) = 18.93 kcal. mole' *
AH’6 = 18.33 kcal. mol"1
AS* = -8.92 cal. mol" 1 kelvin" 1 (eu)
AG* = 20.99 kcal. mol
Compound 2
C oun te r T (°C) k (s-1 , M '1) Ln k R esiduals
1 10.7 0.0496 -3.300 -0.0219
2 11.5 0.05425 -2.914 0.01459
3 25.6 0.135 -2.003 0.03673
4 30.0 0.164 -1.808 -0.02942
Standard Deviation of Residuals = 0.03812 
Expected Error in the Slope (95% Confidence) = 377.05 
Expected Error in the Intercept (95% Confidence) = 1.290 
Correlation Coefficient Squared = 0.9974
Slope = -5365.22 Intercept = 15.92
Activation Energy (Ea) = 10.66 Kcal. m oH
AH* = 10.07 Kcal. mole’ 1
AS* = -29.09 cal. mole“l kelvin" 1 (e.u.)
AG* = 18.74 Kcal. mole"*
Table 5 Data Used for Arrhenius Plots
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Compound 3Z
C oun te r T ( °C ) k (s-1 , M -1) Ln k R esidua ls
1 15.0 0.0955 -2.349 0.03104
2 20.0 0.163 -1.814 0.04514
3 25.05 0.251 -1.382 -0.03047
4 26.15 0.265 -1.328 -0.08520
5 30.0 0.396 -0.9263 -0.05633
6 35.0 0.738 -0.3038 0.09582
Standard Deviation of Residuals = 0.0767 
Expected Error in the Slope (95% Confidence) = 842.14 
Expected Error in the Intercept (95% Confidence) = 2.825 
Correlation Coefficient Squared = 0.9905
Slope = -8792.26 Intercept = 28.13
Activation Energy (Ea) =17.47 kcal. mole'l
AH* = 16.88 kcal. mole
AS* = -4.817 cal. mole"* kelvin'l (e.u.)
AG* = 18.32 kcal. m ole'1
Compound 3E
C oun te r T («C ) k (s’ 1, M - l ) Ln k R esidua ls
1 14.93 0.13 -2.040 -0.05708
2 20.0 0.227 -1.483 0.01639
3 25.23 0.374 -0.9835 -0.01694
4 30.0 0.618 -0.4813 0.01591
5 35.25 0.9835 -0.1664 -0.02003
6 40.0 1.57 0.4511 0.01037
Standard Deviation of Residuals = 0.018368 
Expected Error in the Slope (95% Confidence) = 154.51 
Expected Error in the Intercept (95% Confidence) = 0.5144 
Correlation Coefficient Squared = 0.9997
Slope = -8906.8 Intercept = 28.88
Activation Energy (Ea) = 17.7 kcal. mole'*
AH* = 17.11 kcal.mole‘ 1
AS* = -3.324 cal. mole** kelvin"* (e.u.)
AG* =18.1 kcal. mole' 1
Table 5 continued
Compound 4
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C ounter T (°C ) k ( s '1, M '1) Ln k R esiduals
1 11.52 0.06551 -2.7256 -0.0778
2 16.25 0.124 -2.0875 0.0605
3 18.1 0.152 -1.8839 0.0734
4 25.63 0.2836 -1.2602 -0.05605
Standard Deviation of Residuals = 0.0955 
Expected Error in the Slope (95% Confidence) = 1571.2 
Expected Error in the Intercept (95% Confidence) = 5.401 
Correlation Coefficient Squared = 0.9833
Slope = -8706.9 Intercept = 27.94
Activation Energy (Ea) = 17.3 kcal.mole'1
AH* = 16.71kcal. mole' 1
AS* = -5.204 cal. mole' 1 kelvin'1 (e.u.)
AG* = 18.26 kcal.mole-1
Compound 5
C oun ter T (°C ) k ( s '1, M '1) Ln k R esiduals
1 8.5 0.0484 -3.03283 -0.041195
2 11.5 0.0771 -2.563 0.06639
3 20.0 0.19 -1.661 -0.07779
4 21.09 0.205 -1.584 -0.05207
5 25.34 0.361 -1.019 0.04977
6 27.9 0.4445 0.8108 -0.01511
Standard Deviation of Residuals = 0.0538 
Expected Error in the Slope (95% Confidence) = 523.03 
Expected Error in the Intercept (95% Confidence) = 1.791 
Correlation Coefficient Squared = 0.9969
Slope = -9577.8 Intercept = 31.02
Activation Energy (Ea) = 19.03 kcal. mole" 1
AH* = 18.44 kcal. mole' 1
AS*= 0.9187 cal. mole'1 kelvin'1 (e.u.)
AG* = 18.7 kcal. mole' 1
Table 5 continued
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Compound 6
C ounter T (°C ) k ( s '1, M’ l ) Ln k
1 3.0 1.5 0.4055
2 4.95 1.89 0.6339
3 13.0 3.25 1.118
4 16.0 4.07 1.404
Standard Deviation of Residuals = 0.03995 
Expected Error in the Slope (95% Confidence) = 577.42 
Expected Error in the Intercept (95% Confidence) = 2.046 
Correlation Coefficient Squared = 0.9951
Slope = -5.914 Intercept = 21.86
Activation Energy (Ea) = 11.75 kcal. mole"!
AH* =11.16 kcal. mole"*
AS* = -17.28 cal. mole" ! kelvin" ! (e.u.)
AG* =16.31 kcal. mole"!
R esiduals
-0.03465
0.04359
-0.009574
0.0006389
Table 5 continued.
Trifluoro methanesulfonic acids studied.
Structure Name Registry number
CH3 OTf
1 jj 3-methyl-2-butenyl ester
CH3 c h3
[ 28143-80-8]
H OTf
2 ]j 2-ethyl-l-butenyl ester
Et Et
[53282-31-8]
CH3 v 0Tf
3Z IT (Z)-2-butenyl ester
H CH3
[24577-69-3]
CH3 x OTf , v 
3E | (E)-2-butenyl ester
CH3^ H
[24576-95-2]
aOTf 1-cyclohexen-l-yl ester [28075-50-5]
H ^ O T f
I
ch3 ch3
2-raethyl-l-propenyl ester [53282-30-7]
6
CH3 v OTfX 2-propenyl ester [24541-32-0]
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